1 We examined the eect of lipopolysaccharide (LPS), a cell wall constituent of Gram negative bacteria, on nuclear factor kB (NF-kB) activation in the intestine and the roles of endogenous platelet-activating factor (PAF), tumour necrosis factor-a (TNF) and neutrophils. We also compared the time course of NF-kB activation in response to PAF and LPS. 2 Ileal nuclear extracts from LPS (8 mg kg
Introduction
NF-kB is a key transcription factor in the in¯ammatory response due to its regulatory role on pro-in¯ammatory cytokines, enzymes and adhesion molecules (Baeuerle & Henkel, 1994) . In many cells, NF-kB exists in the cytoplasm in an inactive state, linked to a potent inhibitor, inhibitor protein kB (IkB), and becomes active only upon stimulation by agents such as LPS, reactive oxygen species (ROS), cytokines, and phorbol esters (Baeuerle & Henkel, 1994; Kopp & Ghosh, 1995) . These agents trigger NF-kB/IkB dissociation and nuclear translocation of NF-kB, which regulates the gene transcription of several cytokines and adhesion molecules (Baeuerle & Henkel, 1994; Kopp & Ghosh, 1995) .
LPS, a cell wall constituent of gram-negative bacteria, plays a major role in the pathogenesis of septic shock. Administration of LPS in vivo produces shock and intestinal injury (Hsueh et al., 1987) and stimulates the production of IL1, IL6, chemokines (Baeuerle & Henkel, 1994; Kopp & Ghosh, 1995; Libermann & Baltimore, 1990; Couturier et al., 1992; Geng et al., 1993) , adhesion molecules (Henninger et al., 1997) and TNF, a pivotal mediator in septic shock (Heumann et al., 1992; Tracey et al., 1986) , which is known to activate NF-kB (Shakhov et al., 1990; Schutze et al., 1995; Sun et al., 1993) . The transcription of many of these mediators is modulated by NF-kB. LPS also induces the production of PAF, a phospholipid mediator involved in shock (Benveniste, 1988; Handley, 1990) and bowel in¯ammation (Gonzalez-Crussi & Hsueh, 1983) . PAF, when administered systemically, causes bowel necrosis (Gonzalez-Crussi & Hsueh, 1983 ) and leukocyte-endothelium adhesion (Sun et al., 1996; Kubes et al., 1990) . Many of the in vivo eects of LPS are abrogated by pretreatment of the animal with anti-TNF antibody (Tracey et al., 1987) or PAF antagonists (Hsueh et al., 1987; Toth, 1990 ). These observations suggest that endogenous TNF and PAF mediate the adverse eects of LPS.
Several protein subunits (p50, p65, p52, cRel, RelB) compose the NF-kB complex, forming either a homo or a heterodimer. It is known that LPS activates p50-p65 in endothelial cells in vivo (Essani et al., 1996) and haematopoietic cells in vitro (Ziegler-Heithbrock et al., 1994; Sanceau et al., 1995) , but has no eect on the intestinal T84 epithelial cell line (Savkovic et al., 1997) . Very few in vivo studies on NF-kB activation have been done. LPS has been shown to induce p50-p65 in rat lung tissue (Blackwell et al., 1996) . We recently showed that PAF upregulates the gene expression of NF-kB and activates NF-kB in the rat intestine 30 min after its injection, mainly as p50 homodimers (De Plaen, et al., 1998) . Furthermore, we found that neutrophils were necessary for its activation. However, the in vivo eect of LPS on NF-kB activation in the intestine has not been examined to date.
The purpose of this study is to: (a) determine if LPS activates NF-kB in vivo in rat intestine; (b) examine the subunit composition and the time course of LPS-induced NF-kB activation; (c) determine if endogenous PAF and TNF mediate LPS eect on NF-kB activation; and (d) examine the role of polymorphonuclear leukocytes (PMN) in the process.
Methods

Materials
PAF
(1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine, Biomol Research Lab, Plymouth Meeting, PA, U.S.A.) was prepared (in 5 mg ml 71 bovine serum albumin) as previously described (Tan et al., 1996) . WEB2170, a PAF antagonist, was kindly provided by Dr H. Heuer, Boehringer-Ingelheim, Mainz, Germany and rabbit anti-mouse TNF antibody, which cross-reacts with rat TNF, by Dr D.G. Remick.
Animal experiments
Young male Sprague-Dawley rats (60 ± 90 g) were anaesthetized with Nembutal, 65 mg kg 71 , IP, and intubated. A carotid artery was catheterized for continuous blood pressure recording and blood sampling and a jugular vein for drug injection. The animals were grouped as follows: (a) shamoperated, vehicle (albumin-saline), 0.6 ml kg Complete PMN depletion after antiserum treatment was con®rmed by blood smear examination. Most experiments were terminated 2 h after LPS, and blood samples for hematocrit and leukocyte count were obtained just before LPS injection and 2 h afterwards. Hematocrit was measured as an index of capillary leak. In another set of experiments, the animals were injected with either LPS (8 mg kg
71
, IV) or PAF (2 mg kg 71 , IV), and the experiment was terminated after 30 min, 60 , 90 min and 2 h respectively. The respective doses of PAF and LPS were chosen so the agent would provoke a sustained (41 h) pathophysiological change without causing severe, extensive bowel necrosis, which would hamper the extraction of intact nuclei.
At the end of the experiment, approximately 20 cm of ileum were collected and washed with 48C-saline. Peyer's patches were resected. Tissues were immediately frozen in liquid nitrogen and nuclear extracts were prepared as explained below. The protocol was approved by the Institutional Animal Care and Use Committee.
Preparation of nuclear extracts
Nuclear extracts were prepared following a standard protocol (Deryckere & Gannon, 1994) . About 500 mg of frozen ileum were grounded with a mortar in liquid nitrogen. The powder was suspended in a buer (in mM): (NaCl 150, HEPES 10, pH 7.9, EDTA 1, PMSF 0.5, 0.6% Nonidet P-40) and brie¯y homogenized, and large debris were removed by centrifugation. The supernatant was incubated on ice for 5 min and then centrifuged at 5000 r.p.m. for 5 min. The pelleted nuclei were lysed by resuspension in 0.5 ml of buer containing (in mM): HEPES 20 (pH 7.9), NaCl 420, MgCl 2 1.2, EDTA 0.2, DTT 0.5, PMSF 0.5, benzamidine 2, 25% glycerol, and 5 mg ml 71 each of pepstatin, leupeptin and aprotinin. After centrifugation at 10,0006g to remove nuclear debris, nuclear extracts were stored at 7808C. Bradford's method was used to determine protein concentration (Bradford, 1976 , Amersham, Arlington Heights, IL, U.S.A.), using T 4 polynucleotide kinase. Equal amounts of nuclear extract (10 mg/ 10 ml) were added to 4 ml of gel shift binding buer in mM: (Tris HCl 10, pH 7.5, NaCl 50, EDTA 0.5, MgCl 2 1, DTT 0.5, 40% glycerol, 10 mg ml
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Poly dIdC) (15 min, room temperature). The mixture was incubated for 20 min with 1 ml of the 32 P-labelled oligonucleotide probe. 1.5 ml of loading buer was added and the sample electrophoresed in a 6% polyacrylamide gel (De Plaen et al., 1998) .
The dried gel was analysed with the Storm 860 phosphorimaging system (Molecular Dynamics, Sunnyvale, CA, U.S.A.) and the intensity of the NF-kB complex was quanti®ed by densitometry.
For supershift experiments, the oligonucleotide -nuclear protein binding reaction was followed by incubating the mixture overnight at 48C with 1 mg of antibody against p50 (polyclonal IgG against p50 nuclear localizing signal, cat. #sc114X), p65 (cat. #sc109X), p52, cRel, and RelB subunits (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). EMSA was then carried out as described above.
Immunohistochemical studies
Rat ileum was embedded in O.C.T. compound and snapfrozen in liquid nitrogen. Cryostat sections (5 mm) of ileum were air dried, post-®xed in 100% cold acetone for 5 min, and blocked for endogenous peroxidase. Nonspeci®c background staining was blocked by serum. The slides were then incubated with a mouse mAb speci®c against activated NFkB p65 (Boehringer Mannheim) for 45 min at room temperature. A standard ABC technique (Vectastain Avidin-Biotin complex Kit) was used to visualize the reaction product. Sections were counterstained with hematoxylin and coverslipped for microscopic examination. Negative controls were done by replacing the primary antibody with an isotypic control antibody.
Statistical analysis
ANOVA (one way analysis of variance) was used to analyse the data of multiple groups and the dierence between groups was considered signi®cant if the P value was less than 0.05.
Results
LPS activates intestinal NF-kB; the eect is less rapid than PAF, but more sustained
LPS, 8 mg kg
71 IV, activates NF-kB in rat ileum as early as 15 min after injection. The activation further increases at 60 min, decreases slightly at 90 min and reaches a maximum at 2 h (Figure 1 ). The same trend was found in three independent sets of experiments. Therefore, the 2-h time interval was chosen for all other experiments. (Preliminary experiments were done to select the appropriate doses of LPS and PAF that activate NF-kB without causing severe shock and signi®cant bowel necrosis, since massive tissue injury precludes the integrity of extracted nuclei for further NF-kB assay). Ileum was chosen because a preliminary study indicated that NF-kB DNA-binding activity is higher in the ileum than in the jejunum. Further, the injury induced by PAF or LPS occurs predominately in the ileum. The whole ileum tissue was used, since we previously found that the procedure for the isolation of epithelial cells activates NF-kB (De Plaen et al., 1998) .
Compared to LPS, the eect of PAF on NF-kB activation is shorter. As shown in Figure 2 , the activation of NF-kB is maximal within 30 min after injection, subsides afterwards, and returns to near baseline at 2 h (Figure 2 ).
LPS-activated intestinal NF-kB is composed of both p50-p50 and p50-p65: comparison with PAF
In supershift experiments, antibodies against p50, p65, p52, RelB and cRel were used. In the ileum of sham-operated animals, a low constitutive level of NF-kB activation is found and mainly p50 is detected. Only a minimal amount of p65 could be observed as indicated by the supershift of the NF-kB complex by anti-p65 antibody (Figure 1) . In LPS-treated animals, only p50 and p65 are found as part of the complex throughout the 2 h experimental period. This is indicated by the marked slowing down of the migration of the NF-kBoligonucleotide complex (supershift) after the addition of antip50 and anti-p65 antibodies (Figure 1 ). Other antibodies do not produce any supershift at all time points, con®rming the absence of p52, RelB and cRel in the NF-kB complex (data not shown). These ®ndings dier from PAF-induced NF-kB activation, in which mainly p50 is detected at various time points examined (Figure 2 ). In our previous study, we have examined the subunit composition of NF-kB after PAF injection and found no p52, cRel and RelB throughout the experimental period (De Plaen et al., 1998) . The speci®city of the NF-kB binding was con®rmed by a competitive experiment using unlabelled NF-kB oligonucleotide probe which completely blocked the labelled oligonucleotide-NF-kB complex formation, whereas the complex remained unchanged after addition of excess unlabelled AP-1 probe (data not shown).
The eect of LPS on intestinal NF-kB activation is largely dependent on the production of endogenous PAF and TNF
The NF-kB activation by LPS (8 mg kg 71 ) is partially but signi®cantly reduced by pretreatment with IV injection of 2 mg kg 71 WEB2170, a PAF receptor antagonist (Figure 3 ). Pretreatment with anti-TNF antibody also signi®cantly decreases NF-kB activation following LPS treatment ( Figure  4) . Pretreatment with PAF antagonists or anti-TNF antibody did not alter the subunit composition of NF-kB: supershift experiments show both p50 and p65 subunits in the NF-kB complex (data not shown).
Activation of NF-kB by LPS involves PMN activation
Anti-PMN antiserum partially but signi®cantly decreases LPSinduced NF-kB activation in the intestine ( Figure 5 ). This is in contrast to the complete inhibition of PAF-induced NF-kB activation in rat ileum by PMN depletion, as previously reported (De Plaen et al., 1998) . Supershift experiments show that both p50 and p65 are found as part of the NF-kB complex in PMN-depleted animals injected with LPS (data not shown).
NF-kB p65 is localized in some epithelial cells as well as in lamina propria cells in small intestine As shown in Figure 6A ,B, there is a weak staining of NF-kB p65, localized mainly within the cytoplasm of some epithelial cells in both villi and crypts, as well as in some lamina propria cells. Two hours after LPS challenge, there is a strong staining of the nuclei of these cells, suggesting nuclear translocation and activation of NF-kB p65 ( Figure 6C,D) . The negative control (primary antibody replaced by an isotypic control antibody) shows no staining for NF-kB p65 ( Figure 6E,F) . Figure 2 Time-course and subunit composition of PAF-induced NF-kB activation in the intestine. EMSA performed on ileal nuclear extracts of ®ve animals (one sham operated, and rats injected with PAF (2 mg kg 71 , IV)-respectively at 30, 60, 90, 120 min) is shown here with supershift experiments. Maximum activation of NF-kB, mainly as p50, is seen within 30 min after the injection. The experiment was performed on a total of 15 animals (three per time point) and show consistent results. Figure 1 Time-course and subunit composition of LPS-induced NFkB activation in the intestine. EMSA performed on ileal nuclear extracts of six animals (one sham operated, and rats injected with LPS (8 mg kg 71 , IV) respectively at 15, 30, 60, 90, 120 min) is shown here with supershift experiments of each sample with anti-p50 Ab and anti-p65 Ab. Maximum activation occurs 2 h after LPS injection. Both p50 and p65 are found to be part of the complex, as indicated by the diminished density of the NF-kB complex and appearance of a slow band in the supershift experiment. The experiment was repeated on a total of 18 animals (three per time point) and showed consistent results.
Physiological changes and intestinal injury induced by LPS
PAF induces an immediate hypotension which, in most animals, returned to baseline level after 60 min (De Plaen et al., 1998) . LPS induces a more sustained, late onset hypotension, which begins around 45 min after the injection (Figure 7 ). Hypotension is improved by pretreatment with WEB2170, a PAF receptor antagonist, but not by PMNdepletion (Figure 7 ). Anti-TNF antibody seems to ameliorate the early phase of hypotension caused by LPS, but blood pressure still drops after 1 h, and the end blood pressure is not dierent from rats receiving LPS alone. LPS induced a 21.8+5.4% (P50.05) (mean+s.e.mean) increase in hematocrit compared to baseline value (38+0.4). This increment was reduced to 11.7+3.4% (ns), if rats were pretreated with WEB2170; to 8+1% (P50.05), if rats were pretreated with anti-TNF antibody; and to 8+4.6% (ns), if rats were made neutropenic by anti-PMN antiserum. LPS injection caused a drop in peripheral leukocyte count to 69+7.5% of baseline value (7140+516 in 1 mm 3 blood, mean+s.e.mean), which was not signi®cantly aected by pretreatment with WEB2170, anti-TNF antibody, or anti-PMN antiserum.
Discussion
NF-kB is composed of homo-or heterodimers of the subunits p50, p65, p52, cRel and RelB (Baeuerle & Henkel, 1994) . Only p65, RelB and cRel have a transactivation domain and are thought to stimulate transcription (Baeuerle & Henkel, 1994; Miyamoto & Verma, 1995; Kopp & Ghosh, 1995) . p50-p65 is the most frequently described form of NF-kB involved in the in¯ammatory response (Baeuerle & Henkel, 1994; Miyamoto & Verma, 1995; Kopp & Ghosh, 1995) and is activated in in¯ammatory processes (Barnes & Karin, 1997) . Its role in septic shock and in¯ammatory diseases in vivo has been demonstrated in several recent studies: (a) in mice with colitis, intestinal in¯ammation was reduced after treatment with antisense phosphorothioate oligonucleotides to the p65 subunit (Neurath et al., 1996) ; (b) in a mouse model of endotoxaemia, in vivo transfer with an expression plasmid coding for IkB (a physiological inhibitor of NF-kB activation) increased survival (Bohrer et al., 1997) ; (c) NF-kB p50-p65 has been found to be activated in epithelial cells of in¯amed intestinal mucosa of patients with in¯ammatory bowel disease (Rogler et al., 1998) ; and (d) NF-kB activation is associated with decreased survival in patients with sepsis (Bohrer et al., 1997) .
Activation of p50-p65 by LPS has been shown in naive human monocyte cell lines (Ziegler-Heitbrock et al., 1994; de Wit et al., 1996) and in rat lung tissue (Blackwell et al., 1996) . After LPS stimulation, p50-cRel has been identi®ed in addition to p50-p65 in human monocytic THP-1 cells (Cordle et al., 1993) , in rat liver (Essani et al., 1996) and in mouse macrophages (Ding et al., 1995) .
Very few studies have been done on NF-kB in the intestine, a major immune organ of the body. We previously demonstrated that a low level of NF-kB (p50-p50) activity is constitutively present in the intestine and that PAF induces translocation of p50 into the nucleus of epithelial cells and of some cells in the lamina propria (De Plaen et al., 1998) . In this study, we investigated LPS eect on NF-kB activation in the intestine. The intestine is constantly exposed to bacteria and their products, such as LPS, which may be crucial in eliciting Figure 6 Immunohistochemical localization of NF-kB p65 subunit. NF-kB p65 is localized in the cytoplasm in some epithelial cells in the villi (A), and crypts (B), as well as in some lamina propria cells (A, B) in sham operated group. This is indicated by the perinuclear staining (arrows) of these cells. Two hours after LPS challenge, NF-kB p65 is translocated to the nuclei of these cells in villi (C) and crypts (D). This is indicated by the homogenous nuclear staining (arrows). No NF-kB staining is seen in the negative control (same ABC staining with isotypic primary antibody). Note cytoplasmic staining due to endogenous peroxidase activity (arrow) (E,F).
an in¯ammatory response in the intestine. This is supported by the observation that colitis which develops in gene-targeted mice (Podolsky, 1997) , and PAF-induced ischaemic necrosis failed to develop in germ-free animals (Sun et al., 1995) . It has been previously shown that enteropathogenic E. coli, but not nonpathogenic E. coli, activates NF-kB in T84 cell line (a human intestinal cell line), mainly as p50-p50 homodimers (Savkovic et al., 1997) . Interestingly, LPS was ineective when directly added to these cells in vitro (Savkovic et al., 1997) . In contrast, our present study demonstrates that in vivo administration of LPS activates NF-kB; its dimers are composed of both p50-p50 and p50-p65. The observations reported here underscore that the in vitro and in vivo eects of LPS on intestinal NF-kB activation dier markedly. This dierence may be accounted for by the observed dependency of the in vivo eect of LPS on the production of secondary mediators, e.g., endogenous PAF and TNF, by in¯ammatory cells, as well as in vivo PMN activation.
It has been suggested that PAF is an important mediator of endotoxin shock (Benveniste, 1988) and necrotizing enterocolitis . Systemic injection of PAF causes shock and intestinal injury (Gonzalez-Crussi & Hsueh, 1983) and LPS-induced bowel injury can be prevented by pretreatment with PAF receptor antagonist (Hsueh et al., 1987) , suggesting that endogenously produced PAF mediates LPSinduced bowel injury. The present study indicates that the LPS eect on NF-kB activation in the intestine is also partly mediated by PAF. Another central mediator of endotoxin shock is TNF (Tracey et al., 1987) which is known to activate p50-p65 and p50-c-Rel in vitro (Beg et al., 1994) . Our observation suggests that part of the LPS eect on intestinal NF-kB activation is mediated via endogenous TNF production, since it is reduced by anti-TNF antibody. It is possible that the TNF involvement could be underestimated due to suboptimal delivery of the antiserum to the intestine (a rich source of endogenous TNF (Huang et al., 1994) . Pretreatment of rats with anti-PMN antiserum decreases the NF-kB activation in intestinal nuclear extracts after LPS injection, while it completely inhibits NF-kB activation after PAF injection (De Plaen et al., 1998) . How neutrophils are involved in intestinal NF-kB activation is not clear.
NF-kB activation by LPS, slower than PAF, peaks at 2 h after injection. This slowness may be due to the dependency of LPS on the production of endogenous secondary mediators such as PAF and TNF. The timecourse of LPSinduced NFkB activation in the intestine is similar to that previously reported in rat lungs (Blackwell et al., 1996) ; it seems to follow the development of hypotension in response to LPS. However, hypotension by itself does not cause activation of NF-kB, since PMN-depleted animals treated with either LPS or PAF display the same level of hypotension as non-PMN-depleted rats but with no (PAFtreated animals) or decreased (LPS-treated animals) NF-kB activation.
We have previously shown that PAF, at a dose (1.5 mg kg
71
) below that causing prolonged systemic hypotension and gross intestinal injury, activates NF-kB in the rat ileum within 30 min, mainly as p50 homodimers (De Plaen et al., 1998) . In the present study, we used a higher dosage of PAF in order to compare with LPS which has a prolonged time course. At this higher dose, mild intestinal injury often developed. However, the outcome of intestinal NF-kB was the same as that from low dose PAF: only p50-p50 homodimers were activated; p50-p65 heterodimers were either barely detectable or absent. These observations suggest that the activation of p50-p65 is not a prerequisite for PAF-induced bowel injury. P50-p50 is also the main complex of unstimulated monocytes (de Wit et al., 1996) and unstimulated rat intestine (De Plaen et al., 1998) . In a human monocytic cell line made tolerant by pretreatment with LPS (ZieglerHeitbrock et al., 1996) , LPS activates p50-p50 predominantly. Most genes are probably regulated by the concurrent eect of several kinds of transcription factors interacting in a very complex manner (Ray & Ray, 1995; Smith et al., 1994) .
Another interesting ®nding of this study is the observed NFkB activation in the intestinal epithelium, in addition to some immune cells in the lamina propria. Intestinal epithelial cells are the ®rst line of natural defense against bacterial infection. Previous publications have shown that gut epithelium is capable of synthesizing various cytokines and chemokines such as TNF, IL-8, MCP-1, GM-CSF (Jung et al., 1995) and IL-6 (McGee et al., 1995) . The presence of this key immunoregulatory transcription factor in the epithelial cells supports an important role of these cells in immune response.
This study emphasizes the very dierent actions of LPS and of PAF on NF-kB activation in the intestine. Further, we showed that the eect of LPS is probably mediated, at least in part, by endogenous PAF and TNF, and is largely dependent on PMN activation. This dependence on secondary mediators and neutrophil activation may explain the discrepant results of in vivo experiments and in vitro studies. 
